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In this  work,  we  report a novel,  economical,  low  temperature  solution  combustion  synthesis  (SCS)  method
to prepare  -Al2O3 (Corundum)  nanoparticles.  Powder  X-ray  diffraction  (PXRD),  ﬁeld  emission  scan-
ning  electron  microscopy  (FE-SEM),  high-resolution  transmission  electron  microscopy  (HR-TEM),  Fourier
transform  infrared  spectroscopy  (FT-IR),  BET  surface  area  and  ultraviolet  visible  spectroscopy  (UV–vis)
measurements  were  used  to  characterize  the product.  Antibacterial  studies  were  examined  against  grameywords:
-Al2O3
olution combustion synthesis
ntibacterial
taphylococcus aureus
−ve  Klebsiella  aerogenes,  Escherichia  coli,  Pseudomonas  desmolyticum  and  gram +ve Staphylococcus  aureus
bacteria  by agar  well diffusion  method.  The  -Al2O3 nanoparticles  showed  substantial  effect  on  all  the
four  bacterial  strains.  Photoluminescence  (PL) measurements  under  excitation  at  about  255 nm  show
that  the  alumina  nanoparticles  have  emission  peaks  at  394  and  392  nm.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
hotoluminescence
. Introduction
Discoveries in the past decade have shown that once materials
re prepared in the form of very small particles, they change signif-
cantly. Their physical and chemical properties sometimes change
o the extent that completely new phenomena are established.
he rising demand for inorganic phosphor materials in different
pplications, such as white LEDs, ﬂuorescent lamps, long-lasting
hosphors, X-ray imaging, high-deﬁnition television screens, ﬁeld-
mission displays, luminous paints, electroluminescent devices
nd ceramics products, has concerned researchers to discover new
aterials [1,2].
Over the past few years, extensive research work is dedicated to
he ﬁeld of Nanotechnology and Nanoscience. The current world-
ide nanotechnology revolution is predicted to impact several
reas of biomedical research and other science and engineering
pplications. Nanoparticles-assisted drug delivery, cell imaging∗ Corresponding author at: R & D Center, Department of Chemistry, Sai Vidya
nstitute of Technology, Bengaluru 560 064, India. Tel.: +91 9880796678.
E-mail address: raveendrars@gmail.com (R.S. Raveendra).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.07.001
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. ProducElsevier  B.V.  All  rights  reserved.
and cancer therapy are important applications of nanotechnology
[3]. Other important application of nanoparticles is its enhanced
antibacterial activity compared to its bulk counterparts. With
increasing concerns of bacterial infections, there is a growing need
to develop new and powerful antibacterial agents. In this direc-
tion, already nanoparticles have been applied in food preservation
[4], burn dressings [5], safe cosmetics [6], medical devices [7],
water treatment [8] and other range of products [9–13], due to its
excellent antibacterial activity on several gram positive and neg-
ative bacteria [14]. There are various parameters that can affect
the bactericidal property of the nanoparticles, namely size, shape,
morphology, stability and surface functionalization. In the past few
years, there is lot of interest on inorganic nanoparticles as antibac-
terial agents due to their improved stability and ecofriendly nature
compared with the classical organic antibacterial agents [15]. There
are several classes of inorganic nanoparticles such as nanometals
[12], metal salts [16] metal oxides [17], metal hydroxides [18] and
hybrid materials [19] that show antibacterial activity. Among the
listed novel antibacterial agents, metal oxides are more extensively
studied for their ease of synthesis and higher stability. Hence, there
is great need for the research and development of newer oxide-
based antibacterial agents. One of the potential oxide-based stable
antibacterial nanoparticles studied is Al2O3. The -Al2O3 nanopar-
ticles showed a signiﬁcant toxicity towards a dominant microbial
tion and hosting by Elsevier B.V. All rights reserved.
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pecies (Bacillus licheniformis) at a low concentration (1 g/mL)
20]. It is reported by various authors that there are several meth-
ds available to prepare -Al2O3 nanoparticles. Sharma et al. have
repared -Al2O3 nanoparticles at lower temperature and demon-
trated the effectiveness of seeding by aluminium hydroxide in
irecting the crystallization of the desired -Al2O3 phase [21]. Tok
t al. have reported on inexpensive ﬂame spray pyrolysis method to
repare agglomerated, free, nano-sized Al2O3 nanoparticles with a
ize range of 5–30 nm [22]. -Al2O3 nanowires and nanobelts have
een successfully synthesized from Al pieces and SiO2 nanoparti-
les at 1200 ◦C and 1150 ◦C, respectively in Ar atmosphere by Peng
t al. [23]. Naskar has synthesized the alumina nanoparticles from
ydrothermal process at 170 ◦C for 6 h using glucose and other
ater-based precursor materials [24]. Khamirul Amin Matori et al.
ave reported on a recycling project in which -Al2O3 was pro-
uced from aluminium cans with sulphuric acid at 1200 ◦C [25].
ourav Ghose et al. have studied the role of tetramethyl urea on
he formation of mesoporous alumina from hydrothermal method
t 150 ◦C for 6–24 h [26].
In the present study, we are presenting synthesis of -Al2O3
anoparticles by facile low temperature solution combustion
ethod, characterized by different techniques to substantiate
he product and investigated their antibacterial activity towards
ram −ve Klebsiella aerogenes, Escherichia coli, Pseudomonas
esmolyticum and gram +ve Staphylococcus aureus bacteria by agar
ell diffusion method. Photoluminescence spectra were recorded
n order to study its optical behaviour.
. Experimental
.1. Materials and methods
All the chemicals and reagents used in this study were of analyt-
cal grade. Commercially pure aluminium nitrate (Al(NO3)3·9H2O,
9% Merck), urea (CO(NH2)2 99% Merck), nutrient agar media,
iproﬂoxacin (Hi Media, Mumbai, India), and double-distilled
ater.
.2. Synthesis of ˛-Al2O3 nanoparticles
To synthesize -Al2O3 nanoparticles solution combustion syn-
hesis method was used [27,28]. Fuel type and fuel/aluminium
itrate molar ratio proved to be of great importance during the
reparation of -Al2O3 powders [29,30]. The stoichiometry of the
edox mixture for combustion is calculated based on the total oxi-
izing and reducing valencies of the oxidizer and the fuel using the
oncept of propellant chemistry. The amounts of metal nitrates to
uel ratios for the synthesis of the nanoparticles are based on the
ollowing equation.
xidizer/fuel ratio
=
∑
Valencies of all oxidizing and reducing elements in oxidizer
(−1)
∑
Valencies of all oxidizing ad reducing elements in fuel
(1)
Al(NO3)3·9H2O and CO(NH2)2 were used as oxidizer and fuel,
espectively, precursor mixture was magnetically stirred well in a
rystalline dish for about 30 min  with distilled water to get homo-
eneous mixture, and then it was introduced into the pre-heated
ufﬂe furnace at 500 ± 10 ◦C. The solution was boiled and the
esulted viscous liquid catches ﬁre, auto ignited with ﬂames on
he surface, which rapidly proceeded throughout the entire vol-
me  forming a white powdered product. The overall reaction can
e written as
Al(NO3)3 + 3CO(NH2)2 → Al2O3 + 6H2O + 6N2 + 3CO2 (2)ramic Societies 3 (2015) 345–351
2.3. Characterization techniques
To ﬁnd out the phase formation, -Al2O3 nanoparticles were
characterized by PXRD. Powder X-ray diffraction patterns were
recorded on a Shimadzu XRD-700 X-ray Diffractometer with CuK
radiation with diffraction angle range 2 = 20◦ to 80◦ operating at
40 kV and 30 mA.  To study the crystallite size and morphology
of the product, HR-TEM analysis was performed on a Hitachi H-
8100 (accelerating voltage up to 200 kV, LaB6 Filament). FE-SEM
was performed on a ZEISS ULTRA 55 scanning electron microscope.
The FT-IR studies have been recorded on a Perkin–Elmer Spec-
trometer (Spectrum 1000) with KBr pellet method in the range of
400–4000 cm−1. The total surface area of the synthesized alumina
nanoparticles was measured using nitrogen adsorption/desorption
isotherms with a Brunauer–Emmett–Teller (BET) surface area
analyzer (ASAP 2020) at the bath temperature −196.329 ◦C. To
calculate optical energy band gap UV–vis spectrum was recorded
using ElicoSL-210 UV–vis spectrophotometer. Photoluminescence
excitation and emission spectra were recorded using Perkin–Elmer
LS-55 luminescence spectrophotometer equipped with Xe lamp.
2.4. Antibacterial studies
The pathogenic bacterial strains used in this study are gram −ve
bacteria, namely K. aerogenes [NCIM-2098], E. coli [NCIM-5051], P.
desmolyticum [NCIM-2028] and gram +ve bacteria, S. aureus [NCIM-
5022]. The agar well diffusion method was used for the assessment
of antibacterial activity of -Al2O3. Nutrient Media was poured into
sterilized Petri dishes. LB broth was  seeded with 24 h incubated
cultures of the respective clinical isolates and the individual bacte-
rial strains were spread separately on the agar medium. The well
is made by using sterile cork borer and wells of 6 mm diameter
are created into each petri-plate under aseptic conditions. Var-
ious concentrations of nanoparticles (i.e. 500 mg, 1000 mg/well)
are used to assess the activity of the nanoparticle. The nanopar-
ticles are dispersed in sterile water and are added into the wells by
using sterile micropipettes. Simultaneously, the standard antibiotic
Ciproﬂoxacin (as positive control), is tested against the pathogens.
Plates were then incubated at 37 ◦C for 36 h. After the incubation
period, the zone of inhibition of each well was  measured and the
values were noted. Triplicates were maintained in each compound
and the average values were calculated in millimetre (mm) for the
ultimate antibacterial activity.
2.5. Photoluminescence studies
Photoluminescence excitation and emission spectra of -Al2O3
was recorded by taking sample of known weight in the solid sam-
ple holder of Perkin–Elmer LS-55 luminescence spectrophotometer
equipped with Xe lamp. From the excitation spectra, prominent
excitation wavelengths are selected and the emission spectrum was
recorded for the selected excitation wavelengths.
3. Result and discussions
3.1. PXRD studies for phase formation and crystallite size
Previous studies reported that the formation of the crystalline
phase of -Al2O3 passes by means of thermal treatment through
the following series of polymorphic phase transformation before
ﬁnal conversion to the thermodynamically stable phase -Al2O3
polymorph (Corundum) [31].Precursor →  → ı →  → ˛-Alumina (3)
The mechanism for the -Al2O3 phase transformation through
precursor has been postulated and discussed previously and
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Fig. 2. W–H  plot of -Al2O3 nanoparticles.
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Fig. 1. PXRD patterns of -Al2O3 nanoparticles.
onﬁrmed that -Al2O3 was formed through the nucleation and
rowth process [32]. As -Al2O3 phase transformation proceeds,
-Al2O3 nuclei appear at certain sites in the matrix of -Al2O3 crys-
allites ﬁrstly. And this is subsequently followed by the growth of
he nuclei into the surrounding matrix. During the growth stage, the
nterface between the -Al2O3 nuclei and parent matrix migrates
nto the -Al2O3 matrix [33] and the mechanism of “interface con-
rolled” is proposed [34].
The formation of nanocrystalline phase of the combustion-
erived product was conﬁrmed by PXRD measurements. The
XRD results were examined with Crystallographica Search-Match
CSM). The PXRD of sample shows the crystalline nature of sample
aving rhombohedral structure (matched with ICDD card num-
er 46-1212 with space group R-3c (No-167)), and cell parameters
 = 4.7587 A˚, b = 4.7587 A˚ and c = 12.9929 A˚. All the diffraction peaks
an be indexed to (0 1 2), (1 0 4), (1 1 0), (0 0 6) (1 1 3), (2 0 2),
0 2 4), (1 1 6), (2 1 1), (1 2 2), (0 1 8), (2 1 4), (3 0 0), (1 2 5) and (2 0 8)
eﬂections. The broadening of the reﬂections clearly indicates the
nherent nature of nanocrystals. Fig. 1 shows the powder X-ray
iffraction pattern of -Al2O3 nanoparticles. The crystallite size is
alculated from the full width at half maximum (FWHM ()) of
he diffraction peaks using Debye–Scherer’s method [35] using the
ollowing equation:
 = k
 ˇ cos 
(4)
here ‘d’ is the average crystalline dimension perpendicular to the
eﬂecting phases, ‘’ is the X-ray wavelength, ‘k’ is Scherer’s con-
tant (0.92), ‘ˇ’ is the full width at half maximum (FWHM) intensity
f a Bragg reﬂection excluding instrumental broadening and ‘’
s the Bragg’s angle. The calculated average crystallite size of the
roduct is found in the range of 20–30 nm.  Crystallite size was
lso calculated from Williamson and Hall (W–H) plots [36] by the
ollowing equation:
 cos  = ε(4 sin ) + 
D
(5)
here ‘ˇ’ (FWHM in radian) is measured for different XRD lines
orresponding to different planes. ‘’ is the Bragg’s angle, ‘ε’ is the
train developed, ‘’ is the X-ray wavelength and ‘D’ is the grain size.
he average crystallite size is found to be 18 nm. Fig. 2 shows the
–H  plot of the -Al2O3 nanoparticles. The crystal structure of the
-Al2O3 nanoparticles was evaluated using DIAMOND-crystal and
able 1
rystal lattice and structural parameters of -Al2O3 nanoparticles.
Atoms Oxidation state Wyckoff notation 
Al 3+ 6a 
O  2− 18b 
rystal system: Rhombohedral; space group: R-3c (167); point group: 3-m1, hexagonal aFig. 3. Packing diagram of -Al2O3 nanoparticles.
molecular structure visualization software with the help of PXRD
data. Lattice and the structural parameters of the -Al2O3 nanopar-
ticles are summarized in Table 1. Fig. 3 shows the packing diagram
of -Al2O3 nanoparticles.
3.2. FT-IR spectroscopic studies
Fig. 4 represents FT-IR spectrum of the product recorded to
deﬁne the vibrational frequency of Metal–Oxygen and other bonds
related to impurities present in the -Al2O3 nanoparticles. It can be
seen that no impurity peaks corresponding to the organic matter
were observed. However, a weak band can be seen at 2350 cm−1
which is attributed to the stretching vibration of the C H bond of
x y z Occupancy
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0.5000 0.0000 0.0000 1
xis; cell volume = 254.98 (Å)3.
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to their unique characteristics. The detailed procedure followedig. 5. (a) UV–vis spectrum of -Al2O3 nanoparticles; (b) optical energy band gap.
ethyl group in urea. Strong absorption bands at 577 cm−1 can be
ssigned to the stretching vibration of Al O bond.
.3. UV–visible spectroscopic studies and evaluation of the band
ap energy
In order to determine the optical energy band gap of sam-
le, the UV–vis absorption spectrum was recorded. The sample
hows a strong absorption peak (max) at 238 nm in the UV region.
ig. 5a shows the UV–vis absorption spectrum of sample. This can
e attributed to photoexcitation of electron from valence band to
onduction band. The optical energy band gap (Eg) was  estimated
Fig. 5b) by the method proposed by Wood and Tauc [37] according
o the following equation;
h˛) ∝ (h − Eg)n (6)
Fig. 6. (a–c) FE-SEM micrographramic Societies 3 (2015) 345–351
where ‘˛’ is the absorbance, ‘h’ is the Planck’s constant, ‘’ is the
frequency, ‘Eg’ is the optical energy band gap and ‘n’ is a constant
associated to the different types of electronic transitions (n = 1/2, 2,
3/2 or 3 for direct allowed, indirect allowed, direct forbidden and
indirect forbidden transitions, respectively). Eg value for -Al2O3
nanoparticles is ∼5.25 eV.
3.4. Morphological analysis
The morphology of synthesized -Al2O3 nanoparticles obtained
from the solution combustion method was  investigated using ﬁeld
emission scanning electron microscopy Fig. 6(a–c) shows FE-SEM
images of -Al2O3 nanoparticles. It revealed that the morphology of
the -Al2O3 nanoparticles was a nonspherical shape, i.e. ﬂakes-like
and has uniform size and distribution. The proof for the crystallinity
of the nanoparticles was  obtained by TEM investigations. The TEM
method is better than X-ray line broadening; in that, it is direct and
less likely to be affected by experimental errors and/or other prop-
erties of the particles such as internal strain or distribution in the
size of the lattice parameter. TEM and HR-TEM images of -Al2O3
nanoparticles (Fig. 7 (a–c)) show that the particles obtained are in
nano regime and highly crystalline, and have average particle size
of ∼20 nm.  Further, HRTEM ﬁgures clearly show that the fringes
are oriented in different directions (marked with circles) corre-
sponding to the different planes. This also shows the polycrystalline
nature of the sample.
3.5. BET surface area measurement
The total surface areas of the samples were obtained with
reference to the Brunauer–Emmett–Teller (BET) multi-point and
single-point methods [38] using the N2 adsorption/desorption
isotherm data. Before analysis, all of the obtained alumina nanopar-
ticles were evacuated under vacuum condition at 150 ◦C overnight
in order to clean all the pores. The pore volume data were calcu-
lated by using BJH method, which is the procedure for calculating
pore size distribution using the Kelvin equation and DH meth-
ods. The micropore volumes of the samples were obtained using
Dubinin–Radushkevich (DR) method [39]. The pore size distribu-
tion was determined by using the BJH model. All experimental
parameters of BET surface area analysis are summarized in Table 2.
Fig. 8 (a and b) shows the N2 adsorption/desorption isotherms and
BET surface area plot of alumina nanoparticles.
3.6. Antibacterial studies
Antibacterial activity of alumina nanoparticles has already been
investigated by various authors [40–42]. However, combustion-
derived products retain their interesting properties till today duefor antibacterial studies is described in Section 2.4. The antibacte-
rial property of -Al2O3 nanoparticles was  evaluated against gram
−ve K. aerogenes, E. coli, P. desmolyticum and gram +ve S. aureus
s of -Al2O3 nanoparticles.
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Fig. 7. (a and c) TEM; (b) HR-TEM of -Al2O3 nanoparticles.
Table 2
BET surface area parameters.
Surface area Pore volume (cm3/g) Pore size (nm) Micropore s.
area (m2/g)
BJH adsorption average
pore diameter (nm)
BJH desorption average
pore diameter (nm)
36.00 (m2/g) 0.01 1.30 40.10 107.00 1.30
Table 3
Antibacterial activity of -Al2O3 nanoparticles on pathogenic bacterial strains.
Sl. no Treatment Klebsiella aerogenes
(Mean ± SE)
Escherichia coli
(Mean ± SE)
Pseudomonas desmolyticum
(Mean ± SE)
Staphyloccus aureus
(Mean ± SE)
I Standard (5 mg/50 mL)  10.00 ± 0.00 11.70 ± 0.33** 9.70 ± 0.33** 10.70 ± 0.33**
II  -Al2O3 (500 mg/50 mL)  1.30 ± 0.33** 1.00 ± 0.00 1.00 ± 0.00 1.70 ± 0.33**
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statistical error was  evaluated using ezAnova statistical software
and the P value was  found to be <0.05 indicating that the error is
well within the limit. The zone of inhibition is given in Fig. 9 (a–d)
and data are given in Table 3.III  -Al2O3 (1000 mg/150 mL)  2.70 ± 0.33* 
alues are the mean ± SE of inhibition zone in mm.
sterisks symbols represent statistical signiﬁcance, *P < 0.05, **P < 0.01 as compared
acteria using agar well diffusion method. The results show that
he negative control, DMSO (labelled as C in Fig. 9), did not show
ny inhibition zone, which means that the control alone without
anoparticles does not show any antibacterial activity. When the
oading of nanoparticles (-Al2O3) was 500 mg,  among the gram
egative bacteria investigated, the inhibition of K. aerogenes is bet-
er than the other two negative bacteria. However, when the load of
anoparticles was increased to 1000 mg,  no signiﬁcant difference
n the inhibition zone was observed among the negative bacteria.
he nanoparticles showed highest inhibition activity on the only
ositive bacteria studied, S. aureus.  The zone of inhibition observed
or this bacterial strain was 3.7 mm,  which is higher than all the
acteria studied for the same loading of nanoparticles. Further, the
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Fig. 8. (a and b) BET surface area.33 ± 0.33** 2.70 ± 0.33** 3.70 ± 0.00
 the control group.Fig. 9. Zone of inhibition tests for -Al2O3 nanoparticles against: (a) K. aerogenes;
(b)  E. coli; (c) P. desmolyticum;  (d) S. aureus.
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.7. Mechanism of antibacterial activity
The following factor may  be responsible for the antibacterial
ctivity, viz. (i) the cationic size of -Al2O3 nanoparticles and (ii)
eactive oxygen species (ROS) formation [43]. The antibacterial
ffect of these -Al2O3 nanoparticles seems to be administered
y the presence of ionic and colossal structural patterns, which
s in good agreement with the pharmacophore. The presence of
hese helps the compounds to interact or penetrate more with cell
embrane of the bacteria, thereby inactivating them. This may  be
ue to the distance between the positively charged groups and the
anoparticles. Another widely postulated mechanism is that of the
self-promoted uptake” [44] of the antibiotic across the outer mem-
ranes of bacteria, which consists of lipopolysaccharide surface.
his suggests that the nanoparticles interact with the charged outer
embrane and subsequent channel formation in the cytoplasmic
embrane [45,46] resulting in cell death.
.8. Photoluminescence (PL) studies
The photoluminescence (PL) excitation spectrum of as-formed
-Al2O3 is shown in Fig. 10. It shows three excitation bands centred
t 236, 249 and 342 nm.  It is interesting to note that the ﬁrst band is
harp and the second and third bands are broad. The ﬁrst and second
ands at 236 and 249 nm are very commonly reported in undoped
xide samples that are ascribed to defects related to oxygen vacan-
ies [47,48]. Further, the third band, due to its broadness and its
eak position (342 nm), can be attributed to the carbon content in
he samples [49,50]. Amorphous carbon present in the samples is
ue to the little carbonaceous matter from the fuel that remains.
peculation of amorphous carbon in the samples is very reasonable,
s most of the literature reporting solution combustion technique
upport the claim of carbon impurities in the samples. Fig. 11 shows
he photoluminescence spectrum of -Al2O3 prepared using urea.
pon 236 nm excitation, a series of emission bands ranging from
V to green region are observed, and the bands were centred at
90, 421, 484 and 528 nm.  Since Al3+ itself is non-luminous and
he observed luminescence from -Al2O3 samples must be due
o non-stoichiometry created by the oxygen deﬁciency in the sys-
em, which is expected to arise when -Al2O3 forms in carbon rich
mbient [51]. A report by Shifa Wang et al. [52] showed that -
l2O3-C composite exhibits luminescence due to carbon present
n the samples and they have demonstrated that increase in the C
ontent improved the luminescence property. Hence in our case, we
elieve that carbon related impurities typically from the fuel usedFig. 11. PL emission spectrum of -Al2O3 nanoparticles excited at (a) 249 nm and
(b)  236 nm.
in the synthesis technique signiﬁcantly contribute for the observed
luminescence of -Al2O3.
In the emission spectra, the broad emission peak at 390 nm in UV
region is attributed to radiative recombination of photo-generated
hole with an electron occupying the oxygen vacancy [53]. Emission
band centred at 421 nm is attributed to recombination of a delo-
calized electron close to the conduction band with a single charged
state of surface oxygen vacancy [54]. The emission band at 484 nm
can be attributed to self-trapped excitation luminescence [55]. Fur-
ther, it should be noted that, except the peak intensities, there is
no change in the emission spectrum observed with change in the
excitation wavelength (Fig. 11).
4. Conclusions
The -Al2O3 nanoparticles were successfully synthesized by
simple SCS method and their characteristics were studied. Antibac-
terial activities were evaluated with four different bacterial
pathogens. Results of antibacterial tests conclude that at higher
concentrations (500 and 1000 g), -Al2O3 nanoparticles can act as
a good antibacterial agent against of gram −ve K. aerogenes, E. coli,
P. desmolyticum and gram +ve S. aureus bacteria in agar well diffu-
sion method. Photoluminescence spectrum shows emission due to
different kinds of defects. The PL emission in this particular study is
ascribed to the presence of amorphous carbon and it is independent
of the excitation wavelength.
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